Aluminum and its alloys have prompted significant development in several industrial fields.
Introduction
Aluminum alloys have played a key role in a wide range of industrial applications based on the desirable mechanical, wear, and corrosion properties of aluminum, as well as its light weight [1, 2] . There is a growing interest in wear and corrosion characterizations in terms of both type and quantity in various areas of aluminum alloy technology [3] [4] [5] [6] . Therefore, many characterization methods have been applied in many areas [7, 8] . Pure aluminum is soft, ductile, and unsuitable silicon particles [11] [12] [13] . However, ductility and machining properties are negatively affected by the formation of faceted and blocky primary Si. Al-Si alloy series have been a topic of significant interest for a variety of applications based on their homogeneous distributions of eutectic and primary Si particles, which improve mechanical and wear properties [14] [15] [16] . However, corrosion evaluations have shown that the dissolution rates of these alloys are significantly influenced by Si content and the characteristics of corrosive environments [17, 18] . Pitting corrosion is initially concentrated in areas around primary Si particles based on microgalvanic interactions between cathodic Si content and the anodic Al matrix. The mixture of Al oxide and Si is considered to be a semiconductor that can facilitate the passage of electrons [19] , thereby enabling microgalvanic corrosion. Therefore, Si content is the main cause of microgalvanic corrosion in Al-Si alloys [18, 20] . Additionally, some heavy metals contained in Al alloys, such as Fe, Cu, Mn, and Zn, can be work and precipitation hardened to increase strength [21] [22] [23] . However, uniform distributions of these elements in alloy microstructures can cause localized corrosion based on available microgalvanic cells in ␣-Al and secondary phases containing heavy metals with inhomogeneous distributions. Furthermore, these series of alloys retain either solute-depleted zones or anodically active phases at grain boundaries, resulting in lower pitting corrosion resistance and breakdown potential, as well as greater vulnerability to stress corrosion cracking and intergranular corrosion [24, 25] . The aluminum-magnesium (Al-Mg) series of alloys has become an important class of materials based on its significant advantages in terms of physical and mechanical properties compared to other alloys. It provides good corrosion resistance, a high strength-to-weight ratio, high fatigue strength, good recyclability and cost efficiency, and superior weldability compared to other series of alloys [21, 22] . These desirable properties of Al-Mg alloys can be attributed to the effects of Mg content in terms of preventing mobile dislocations [26, 27] . Al-Mg series alloys have achieved light weights with good corrosion resistance and mechanical properties based on solid solution strengthening [28] [29] [30] [31] [32] . They have seen many structural applications in the automobile, electronics, and aircraft industries based on the improvement of creep strength at high temperatures [33, 34] . Based on recent studies, the mechanical strength of aluminum alloys has been successfully enhanced through the use of equal channel angular pressing, extrusion, rolling, and pressure infiltration techniques, as well as the addition of alloying elements [18, [35] [36] [37] [38] . The addition of 3-6 wt% of magnesium content into Al alloys through continuous rheo-extrusion can eliminate the formation of coarse dendrites and improve mechanical properties [39] . The study above also indicated that ultimate tensile strength increases and elongation decreases with increasing magnesium content. Specifically, the ultimate tensile strength and elongation of an Al-5Mg alloy were improved by 73% and 8%, respectively, compared to those of a conventional casting alloy. Scudino et al. indicated that the strength of an Al alloy containing 5 wt% of Mg fabricated via mechanical alloying is four times greater than that of a conventional Al-5083 alloy with an 8.5% increase ductility [40] . Jeong reported that as the Mg content in an Al-Mg alloy increases from 5 to 7 wt%, the fraction of dynamically recrystallized grains first decreases, then increases, followed by another increase as Mg content increases up to 13 wt% [41] . The study above also indicated that the Al-13Mg alloy provided superior post-deformation microstructures compared to Al-Mg alloys with the lower Mg content. These reports all indicate that adding Mg to aluminum alloys can significantly improve the mechanical properties of such alloys. However, the corrosion resistance of these alloys has not been studied thoroughly. Specifically, no studies have focused on additive components, such as Cl − , for the retardation of pitting initiation or the incorporation of Cl − ions into the oxide/hydroxide films (SO 4 2− ) of aggressive solutions. Therefore, the electrochemical corrosion processes of Al-Mg alloys must be investigated to continue developing and expanding the applications of such alloys. Additionally, high Mg concentrations in Al alloys can lead to intergranular corrosion based on the formation of electrochemically active precipitates, such as supersaturated Al-Mg solid solutions, at grain boundaries [42, 43] . Therefore, in this study, we added 0, 2, and 4 wt% of Mg to commercial aluminum alloys to form binary alloys and analyze the effects of alloying elements. Al-xMg alloys were produced using the hot extrusion method and standard electrochemical procedures were applied using solutions containing Cl − and SO 4 2− ions. Surface analysis was also performed.
Experiments
Pure Al (0.001% Mg, 0.11% Fe, 0.01% Cr, 0.02% Si, 0.005% Ni) and Mg (0.01% Al, 0.11% Fe, 0.01% Cr, 0.02% Si, 0.005% Ni) ingots were used as starting materials. The calculated amounts of 0, 2, and 4 wt% Mg were then used as alloying element additions. The materials were initially fabricated to appropriate sizes for further processing. They were cleaned via ultrasonication in an acetone solution to remove any contaminants and placed in the crucible of a reaction system. Following solution treatment at 700 • C with a heating rate 10 • C/min in an argon atmosphere and 30 min of mechanical stirring, hot extrusion began with an extrusion ratio of 25:2. Degassing was performed at 500 • C for 5 h and preheating was performed at 450 • C for 1 h while maintaining the die and container temperature at 450 • C. The alloy materials were extruded into specimens with a diameter of 10 mm for further processing. To control the exposed area, these specimen electrodes were coated with a low viscosity epoxy cold mounting system with 17:1 ratio of EpoFix resin and EpoFix hardener curing at room tempera-ture in 12 h, no shrinkage and attached to a Teflon holder. The specimens were then ground using 600-grit silicon carbide sand paper. Additionally, ethanol was used for the grinding process and rinsing the specimens. Finally, the specimens were ground perpendicularly using different grits of sandpaper until reaching 4000 grit, then polished using 0.5-m alumina powder prior to electron backscatter diffraction (EBSD) observations. A tilting angle of 70 • and a 20-kV camera were used for EBSD measurements via scanning electron microscopy (SEM) using a Zeiss Supra 55 VP microscope. The Supra 55 VP microscope was also used for characterizing surface morphologies following potentiostatic (PS) measurements. Furthermore, the passive layer was char-acterized using X-ray photoelectron spectroscopy (XPS) with an Al K ␣ radiation source operating at 1486.6 eV with 15 kV of anodic voltage and 10 mA of anodic current. For these observations, 160 and 20 eV were used for the pass energies of the survey and high-resolution scans, respectively. Additionally, 285.0 eV of the charge for the hydrocarbon C 1s peak were used for calibrating the binding energy.
Next, 1000 ml of 0.1 M Na 2 SO 4 + 0.01 M NaCl solution were used for performing electrochemical and coupon immersion experiments under natural aeration. The electrochemical cells, which included alloys, graphite, and a saturated calomel electrode (SCE), were connected to a Biologic VSP system as the working, counter, and reference electrodes, respectively. The open circuit potential (OCP) was monitored for 1 h prior to performing any electrochemical measurements. Electrochemical impedance spectroscopy (EIS) measurements were performed every hour for 14 h with a peak-to-peak amplitude of thesinusoidal perturbation of 10 mV and frequency range of 100 kHz to 10 mHz. For potentiodynamic polarization (PD) tests, a rate of 166 × 10 −3 mV/s was used to sweep the potential from −250 mV versus the OCP until reaching the pitting potential. A constant potential of −550 mV SCE was applied to the working electrode to observe changes in current over time.
Results and discussion
To observe alloy microstructures, the alloy specimens were characterized using EBSD after they were polished using 0.5m alumina powder. The results are presented in Fig. 1 . The EBSD images reveal many defects (black regions) in the Albased alloy structure in Fig. 1(a) . This phenomenon cannot be observed for the Mg-containing alloys, demonstrating the significant effect of Mg on the microstructures of Al-based alloys. The calculated grain size is 0.63 m for the alloy without Mg, whereas the Mg-containing specimens have relatively small ␣-Al grains that decrease in size with increasing Mg content (0.63, 0.52, and 0.45 m for the base alloy, Al-2Mg, and Al-4Mg, respectively). Mg dispersoids may have promoted the development of a passive layer on the Al alloy surfaces. Based on the development of such a layer, the refinement of grain size can significantly affect corrosion properties, highlighting the important role of Mg in the corrosion resistance of Al alloys. The PD curves for the Al-xMg alloys are presented in Fig. 2 (a) and the measured E corr and E pit value are presented in Fig. 2(b) . These results indicate that the alloys act as passive materials at a low current density in a 0.1 M Na 2 SO 4 + 0.01 M NaCl solution. Furthermore, the ranges of the passive potential and E pit increase significantly as the Mg content in the Al-based alloys increases from 0 to 4 wt%. Therefore, adding Mg to Al-based alloy improves pitting resistance based on increased E pit values and a wider passive potential range. These benefits can be attributed to changes in microstructure and the formation of a stable passive film. These results correlate with the low anodic current densities (less than 0.1 A/cm 2 ) observed in the PS measurements when a constant anodic potential of −550 mV SCE was applied for 6 h, as shown in Fig. 3 . The anodic potential collected in the passivation region corresponds to the PD results in Fig. 2 . The PS results indicate that all of the Al-xMg alloys maintain very low current densities when a constant anodic potential of −550 mV SCE is applied, indicating that the anodic dissolution of these alloys is relatively slow. These results also confirm the stability and durability of the passive film formed on the Al-4Mg surface over 6 h of −550 mV SCE application. In con- trast, the passive films formed on the Al-2Mg alloy and pure Al surfaces break down at 565 and 9443 s, respectively. It can be concluded that the rapid increase in anodic current density is a result of pitting initiation. Therefore, the PS results are consistent with the PD results, indicating evident improvement of the pitting resistance of Al-based alloy when Mg is added as an alloying element. Fig. 4 presents EIS spectra in the Nyquist form for Al specimens with different Mg contents over 14 h. Heterogeneity of the surfaces may be the reason for the depressed semicircular Nyquist plots in Fig. 4 . Furthermore, an increase in arc diameter suggests improved corrosion resistance based on passive film formation. The EIS results also indicate that the addition of Mg to Al-based alloy increases the arc diameter of Nyquist plots as a result of improved pitting resistance. To analyze resistance parameters, a suitable equivalent circuit was constructed to simulate and fit electrochemical responses using the Zsimpwin software. The equivalent circuit in Fig. 5 was chosen for fitting the EIS data for the Al-xMg alloys that formed passive layers on their surfaces when immersed in a naturally aerated 0.1 M Na 2 SO 4 + 0.01 M NaCl solution. The equivalent circuit consists of R s , a constant phase element (CPE) with a capacitance (C) and phenomenological coefficient (n), R film , and R ct as the solution resistance, CPE, and film and charge transfer resistances, respectively. The film and charge transfer resistances at medium and low frequencies can be influenced by Mg alloying [44, 45] . During the fitting processes, a CPE with a phase of approximately 0.9 was used to improve the fitting quality. Fig. 6 presents the optimized R film (Fig. 6(a) ) and R ct (Fig. 6(b) ) values as a function of immersion time. These values were obtained from the Zsimpwin software by using EIS data and the equivalent circuit in Fig. 5 . The fitted results indicate that both R film and R ct steadily increase with an increase in immersion time over 14 h. The increase in R film can be attributed to the formation of a passive film on the Al-xMg alloy surface with a mixture of Al 2 O 3 /Al(OH) 3 and MgO/Mg(OH) 2 . This finding was confirmed through XPS, which will be discussed below. This phenomenon may be a result of the alloy dissolution processes in the investigated solution, which inhibited the penetration of aggressive ions in solution.
The results also indicate that passive layer resistance significantly increases with increasing Mg content in Al-based alloys. Additionally, the R ct values increase significantly with increasing Mg content, providing enhanced corrosion resistance. Fig. 7 presents SEM images after pitting initiation during −550 mV SCE application over 6 h. Pitting initiation corresponds to a sudden increase in anodic current density and the appearance of bubbles on alloy surfaces during PS measurements.
The SEM results indicate that pits formed on the pure Al and Al-2Mg alloy surfaces, but no pits formed on the Al-4Mg alloy surface. Furthermore, deep and wide pits indicate that serious corrosion occurred on the pure Al surface. In contrast, corrosion developed more gradually on the Al-2Mg alloy surface. Very little corrosion occurred on the Al-4Mg alloy surface. These results correlate with the stability and durability of the passive film when the amount of Mg added to Al-based alloy increases. Fig. 8 (a) presents the peaks of Al, Mg, Na, S, Cl, O, and O-KLL in the XPS spectra of the Al-xMg alloy surfaces following 1 h of immersion in a 0.1 M Na 2 SO 4 + 0.01 M NaCl solution. Additionally, the narrow spectra of the Al 2p, Mg 2p, S 2p, Cl 2p, and O 1s regions are presented in Fig. 8(b-f) . The spectra of Al 2p and Mg 2p mainly highlight the existence of Al 2 O 3 /Al(OH) 3 and MgO/Mg(OH) 2 , which promote the formation of a passive film on Al-xMg alloy surfaces. Evident formation of Al 2 O 3 /Al(OH) 3 and MgO/Mg(OH) 2 may be linked to the main oxide and hydroxyl groups corresponding to the oxygen signals at 530, 532, and 534 eV. The Al 2p, Mg 2p, and O 1s spectra reveal enriched products when the Mg content in the Al-based alloy increases, indicating the incorporation of Al products with Mg products. This could enhance the compactness and adhesion of the stable passive film formed on the Al-xMg alloy surfaces when considering the increases in the R film and R ct values shown in the EIS results above [46, 47] . Furthermore, no Cl peak was observed for the Al-2Mg and Al-4Mg alloy surfaces, but Cl peak shapes were detected for the pure Al surface. Therefore, adding Mg to Al-based alloys can lead to the formation of a stable passive film that inhibits the penetration of aggressive ions in the investigated solution.
The preferential dissolution phenomenon was identified based on microgalvanic corrosion around impurity particles. When an A1 alloy containing Fe-rich impurity particles (which were verified by SEM/EDS) is immersed in the investigated solution, active Al dissolves rapidly. When active Al dissolves preferentially, impurity particles are exposed on the alloy surface. As a result, the impurity particles became cathodic to ␣-A1. Under severe conditions, impurity particles are left on the surface during the corrosion process based on preferential dissolution leading to pit formation, resulting in the increased depth and size of the pits shown in Fig. 7(a and b) . Therefore, the relatively low pitting potential observed for the pure Al matrix is a result of the impurity particles in the Al matrix. The greater pitting potential of the Mg-containing alloys can be attributed to the decreased sizes of impurity particles in Al-Mg alloys. Because Mg dispersoids in microstructures may be located at the intersections of impurity particles and ␣-Al during forming processes, they may inhibit the continuity of the impurity particles in the alloy matrix, resulting in decreased impurity size with narrower and/or completely closed matrix channels in Mg-containing alloys. This could mitigate or completely prevent pitting corrosion based on the characteristics of the alloy surface. The rapid and uniform consumption of Al with Mg products results in the stable passivity of Al alloys containing Mg. Therefore, significant improvements in pitting resistance are obtained with increasing Mg content.
Conclusions
We successfully produced Al-xMg alloys using the hot extrusion method. Microstructure analysis confirmed a significant reduction in ␣-Al grain size and defects in the alloy structures. EBSD results revealed a significant reduction (∼72%) in grain size from 0.63 to 0.45 m for the pure Al and Al-4Mg alloys, respectively. Electrochemical results indicated that Al-xMg alloys provide better pitting resistance than pure Al based on high pitting potential (E pit ), durability of passive films, and passive and charge transfer resistances. The superior pitting resistance of Al-xMg alloys is attributed to significant changes in grain size, which enhance the formation of passive films on alloy surfaces. XPS results confirmed that the addition of Mg to Al-based alloy facilitates passive film formation based on the incorporation of Al and Mg oxides/hydroxides. Electrochemical and surface analysis results also revealed enhanced compactness and adhesion of the passive layers on alloy surfaces when the amount of Mg added to the Al-based alloys increased, indicating that the coverage of the stable passive layer determines corrosion resistance.
